A physical map of the Enterococcus faecium ATCC19434 chromosome was constructed by NotI, I-CeuI and Sse8387I. The chromosome was a circular DNA of 2600 kb in size, and contained six rRNA operons (rrn). The locations and orientations of the six rrn operons and 24 different determinants were mapped. Genomes of three additional E. faecium strains were also analyzed by I-CeuI digestion, and the genome sizes were found to vary from 2550 to 2995 kb. We further investigated the genome sizes and number of rrn operons in four E. faecalis, one E. avium, and one E. durans strains. The genome sizes were larger than E. faecium: 3000^3250 kb in E. faecalis, 3445 kb in E. avium, and 3070 kb in E. durans. E. avium and E. durans contained six rrn operons as in E. faecium, but all the E. faecalis strains possessed four rrn operons. ß
Introduction
Enterococci are increasingly recognized as a signi¢cant causative agent of hospital-acquired infections such as urinary tract infection, bacteremia, and endocarditis [1, 2] . Since most enterococcal strains show intrinsic and acquired resistance to multiple antibiotics of common use, vancomycin frequently represents the last reliable antimicrobial drug for enterococcal infections. However, vancomycin-resistant enterococci have emerged and rapidly spread worldwide [1] , and thus the enterococcal infection is becoming more and more di¤cult to treat, and sometimes untreatable with almost all currently licensed agents.
The genus Enterococcus comprises at least 19 species [3] , and they are categorized into`species groups' based on the 16S rRNA nucleotide sequence [3, 4] . Enterococcus faecium forms the`faecium group' together with E. durans, E. hirae, and E. mundtii. The`avium group' consists of E. avium, E. malodoratus, E. ra¤nosus, and E. pseudoavium, and thè gallinarum group' consists of E. gallinarum and E. casseli£avus. Other species, such as E. faecalis, are thought to form distinct lineages individually. Among these species, E. faecalis and E. faecium are mainly isolated from human infections; E. faecalis accounts for 80^90% of clinical isolates, E. faecium for 5^15% [2] . Since E. faecalis is isolated dominantly, most studies on enterococci have been focusing on E. faecalis, and little is known about E. faecium and other species. In the USA, however, recent investigations on E. faecium show that approximately half of the isolates exhibit vancomycin resistance while it is an uncommon trait among E. faecalis isolates (1^2%) [1] .
In this study, we constructed a physical map of the E. faecium ATCC19434 genome. The chromosome is a single circular DNA of 2.6 Mb in size and six rRNA operons (rrn) and 24 genes were mapped on it. We also analyzed the genomes of three additional E. faecium strains as well as four E. faecalis, one E. avium, and one E. durans strains, and revealed a signi¢cant intraspeci¢c and interspeci¢c diversity of the genome size and the number of rrn operons in the enterococci.
Materials and methods

Bacterial strains, culture conditions, and plasmids
ATCC strains used in this study were obtained from American Type Culture Collection. Other enterococcal strains are all clinical isolates; E. faecium S3 and E. faecalis S2 were isolated at Shinshu University Hospital, Matsumoto, Japan, E. faecalis H4 at Hokushin General Hospital, Nagano, Japan, and E. faecium M1 was obtained from Miroku Medical Laboratory, Nagano, Japan. Enterococci were grown in tryptone soy broth medium at 35³C with agitation. Escherichia coli DH5K MCR (Gibco BRL) and plasmids pBluescript and pUC18 were used for constructing an E. faecium genomic library. E. coli cells containing recombinant plasmids were grown at 28³C in 2UYT broth supplemented with ampicillin at a ¢nal concentration of 100 Wg ml 31 .
DNA manipulation
Puri¢cation of plasmid DNA, digestion and ligation of DNA, transformation of E. coli cells, and conventional agarose gel electrophoresis were performed according to standard protocols. Intact genomic DNA was prepared and digested with restriction endonucleases as previously described [5] , except that achromopeptidase (Wako) was included in the lysis solution at a ¢nal concentration of 4 mg ml 31 . All restriction enzymes were purchased from Takara, except that I-CeuI was from New England Biolabs.
Construction of a physical map
Pulsed-¢eld gel electrophoresis (PFGE), isolation of linking clones, and Southern hybridization were performed as previously described [6] . Running conditions for PFGE are described in the relevant ¢gure legends. For the isolation of NotI-linking clones, the genomic DNA of strain ATCC19434 was digested with HindIII, self-ligated, re-digested with NotI, and cloned into NotIcleaved pBluescript. Plasmid DNAs were isolated from 144 transformants, digested with NotI alone or with NotI plus HindIII, and grouped according to sizes and restriction patterns of their inserts. Sse8387I-linking clones were also isolated in a similar manner, but PstI-cleaved pBluescript was used instead of NotI-cleaved vector, and clones were prepared not only by HindIII digestion but also by EcoRI digestion.
PCR ampli¢cation
PCR reaction was carried out using an Ex Taq kit (Takara) with 30 cycles of 96³C/20 s and 69³C/2 min. Primers used in this study are listed in Table 1 .
Random shotgun cloning and DNA sequencing
For constructing a random shotgun library of the ATCC19434 genome, the genomic DNA was fragmented by sonication, and fragments of 0.5^0.8 kb in size were isolated, ligated to SmaI-digested and BAP-treated pUC18 vector, and introduced into DH5K MCR as previously described [7] . DNA sequences of each insert were determined from both ends as described [7] . Sequence homology was analyzed using the BLAST program, version BLASTNB.0.8.16. Nucleotide sequences obtained in this study have been deposited in the DDBJ/EMBL/GenBank nucleotide sequence databases under the accession numbers AB052851^AB052866.
Results
Genome size of E. faecium ATCC19434
Digestion of the E. faecium ATCC19434 genome by NotI, Sse8387I, and I-CeuI yielded ¢ve, 15, and six DNA bands, respectively ( Fig. 1) . Each band was named by the digested enzyme (N, S, or I) and the size (in alphabetical order according to the decreasing size) : NA, NB, NC, etc. (see Fig. 1 ). Among these bands, NB, SE, SK and SN were more intensively stained in gels by ethidium bromide than neighboring bands ( Fig. 1 ), indicating that they contain two or more co-migrating fragments. PFGE analysis carried out in optimal conditions resolved the SE, SK and SN bands into three, two and two fragments, respectively (data not shown). These fragments are thus denoted SE1^SE3, SK1 and SK2, and SN1 and SN2, respectively, according to their sizes. The NB band (520 kb), however, could not be resolved in any conditions we employed. Therefore, we excised the NB band from the PFGE gel, and digested it with ApaI or SmaI. ApaI and SmaI digestion generated 14 and 13 fragments, and the sum of the fragments was 1066 kb and 1079 kb, respectively (data not shown). This indicates that the NB band contains two fragments (denoted NB1 and NB2). In total, NotI, Sse8387I and I-CeuI digestion yielded six, 19, and six fragments, respectively. As the fragment sizes added up to 2610 (NotI), 2614 (Sse8387I), or 2635 kb (I-CeuI), the genome size of E. faecium ATCC19434 was assumed to be approximately 2.6 Mb ( Table 2) .
3.2. Construction of a physical map of the E. faecium ATCC19434 genome 3.2.1. NotI map By the systematic screening of NotI-linking clones described in Section 2, we obtained four classes of NotI-linking clones, which determined a (NB1-NB2)-NE-ND-NA linkage (the order of NB1 and NB2 is unknown). To con¢rm that the remaining fragment, NC, is located between NA and NB1 (or NB2), we digested the genomic DNA with SmaI or with a combination of SmaI and NotI, and identi¢ed SmaI fragments containing NotI sites. These fragments were excised from the gel and used as probes in Southern hybridization analysis. In this analysis, two SmaI fragments, each containing a single NotI site, hybridized with NA and NC, and NC and NB. We thus concluded that the complete NotI linkage was NA-NC-(NB1-NB2)-NE-ND-(NA) (Fig. 2) .
I-CeuI map
To construct the I-CeuI restriction map, we ¢rst analyzed the I-CeuI fragments by Southern hybridization using gel-excised NotI fragments as probes. The NA fragment hybridized with IA alone, ND with IA and IB, NE with IB alone, and NC with IA and ID. The NB fragments (NB1 plus NB2) hybridized with all the I-CeuI fragments except for IA. Thus, considering the NotI map, the most likely linkage is IB-IA-ID. Next, the sizes of all the fragments generated by double digestion with NotI and ICeuI were determined and compared with the sizes of the NotI and I-CeuI fragments. By this comparison, not only the locations of IB/IA and IA/ID junctions on the NotI map but also the opposite end positions of IB and ID were determined (Fig. 2) . Among the remaining I-CeuI fragments (IC, IE, and IF), only IE was digested by NotI, generating two fragments of 133 and 37 kb. Thus, considering the fragment size of IC, the possible order of these ICeuI fragments was ID-IC-IF-IE-IB, ID-IF-IC-IE-IB or ID-IC-IE-IF-IB. To discriminate the three possibilities, we carried out a partial digestion experiment with I-CeuI (Fig. 1C, lane 2) . In this experiment, we detected six additional fragments that are generated speci¢cally by partial digestion, and the sizes of four of these fragments coincided with those of IE plus IF (265 kb), IC plus IF (380 kb), IC plus ID (565 kb) or IB plus IE (640 kb) fragments. Thus, the order of I-CeuI fragments was assumed to be IA-ID-IC-IF-IE-IB-(IA).
Sse8387I map
By the systematic screening of Sse8387I-linking clones prepared by HindIII digestion, a total of 13 linking clones were obtained. The linkages indicated by closed triangles in Fig. 2 were determined for nine of the 13 clones. The remaining four clones hybridized with multiple fragments, indicating the presence of repetitive sequences that contained the Sse8387I recognition site. By screening another set of linking clones that were prepared by EcoRI digestion, a total of nine linking clones were obtained. Among these, four hybridized with multiple fragments, and four were derived from the linkages that were already determined by the HindIII clones, but the remaining one clone established a new linkage. Thus, by combining the data obtained by the two sets of linking clones, 10 linkages were established. The four EcoRI clones that hybridized with multiple fragments were then further characterized. Sequencing analysis of the clones revealed that they were derived from rrn operons, and that the Sse8387I site was located at position 210^217 of the E. faecium rrl gene (accession number X79341). The Sse8387I site is located just 1.7 kb upstream of the recognition site for I-CeuI which speci¢-cally cuts rrl genes at position 1924^1949. In fact, when DNA inserts of the four linking clones were ampli¢ed by PCR and digested by EcoRI, one subfragment from every clone hybridized with six Sse8387I fragments, SC, SE1, SE2, SE3, SF and SK2, and the other with six fragments, SF, SH, SI, SJ, SK1 and SN1. Since the I-CeuI/NotI map had been constructed, the locations of Sse8387I fragments on the I-CeuI/NotI map were determined by Southern hybridization using gel-excised I-CeuI fragments as probes and by double digestion with NotI. By this analysis, six rrn operon-related linkages, SE3/SN1, SE1/SH, SE2/SI, SK2/SJ, SF/SK1 and SC/SF, as well as SE1-SI and SL-SO linkages were established (Fig. 2) . One remaining SA-SG linkage was con¢rmed by Southern hybridization analysis using the gel-excised NA fragment.
The combined NotI/I-CeuI/Sse8387I physical map is shown in Fig. 2 . The chromosome of E. faecium ATCC19434 was con¢rmed to be a single circular DNA.
Ribosomal RNA operons
The results of I-CeuI and Sse8387I digestion analyses clearly indicate that E. faecium ATCC19434 contains six rrn operons, and the locations of these rrn operons on the chromosome were also determined (Fig. 2) . To determine the transcriptional directions of these operons, we prepared two probes that were designed to hybridize with the rrs gene (position 198^1305, accession number AF070223) and the 3P region of the rrl gene (position 2126^2869, X79341). Using the two probes, Southern hybridization analysis of the Sse8387I fragments was performed. As summarized in Fig. 2 , the rrs probe hybridized with SE3, SE1, SE2, SK2, SF and SC, and the rrl probe with SN1, SH, SI, SJ, SK1 and SF. From this result, the transcriptional directions of four operons that were located at junctions SE3/SN1, SE1/SH, SE2/SI and SK2/SJ were determined. Directions of two operons at SC/SF and SF/SK1 junctions were somewhat complicated because SF hybridized with both rrs and rrl probes. Since SC hybridized with only the rrs probe, and SK1 with only rrl the possible directions are from SC to SF and from SF to SK1 (Fig. 2) .
Construction of a genetic map
To construct a genetic map of E. faecium, we ¢rst ampli¢ed seven known E. faecium loci by PCR using primers that were prepared according to their reported sequences ( Table 1 ). The recA gene was ampli¢ed using primers designed based on the recA sequence of E. faecalis (Table 1) . To obtain additional genetic markers, we constructed a shotgun library of the ATCC19434 genomic DNA that contained inserts of approximately 0.5 kb, and selected 96 clones randomly. These clones were sequenced from both ends, and searched for their sequence similarities to known proteins using a TBLASTX program. By this screening, we obtained 16 putative coding sequences that exhibited high amino acid sequence similarity (BLAST scores being greater than 185) to the genes of known functions (Table 3 ). In total, 24 genetic markers were obtained, and their locations on the chromosome of strain ATCC19434 were determined by Southern hybridization (Fig. 2) .
Genome size variation in E. faecium
To investigate the genome size variation among E. faecium strains, we analyzed the genomes of three additional E. faecium strains by I-CeuI digestion: ATCC35667 and two clinical isolates S3 and M1 (Table 4 ). The three strains yielded six I-CeuI fragments like ATCC19434, indicating that the number of rrn operons is conserved. The estimated genome size of ATCC35667 was 2550 kb, very close to that of ATCC19434, and the I-CeuI digestion pattern was identical to that of ATCC19434, except that the largest fragment was slightly smaller. In contrast, two clinical isolates contained signi¢cantly larger genomes (2975 kb for S3 and 2995 kb for M1). The genome sizes of the two clinical isolates were similar, but the I-CeuI digestion patterns exhibited a remarkable di¡erence from each other and from ATCC strains.
Genome size and number of rrn operons in other enterococci
In order to investigate the variation of genome size and number of rrn operons among the enterococcal species, we determined the genome sizes and the numbers of rrn operons of four E. faecalis, one E. avium and one E. durans strains by I-CeuI digestion. As summarized in Table 4 , the genome sizes of four E. faecalis strains ranged from 3000 to 3250 kb, and those of the E. avium and E. durans strains were 3445 kb and 3070 kb, respectively ( Table 4) . As to the number of rrn operons, six I-CeuI fragments were detected in E. avium and E. durans, indicating that these species have six rrn operons like E. faecium. In contrast, all the E. faecalis strains yielded four I-CeuI fragments, and this implies that E. faecalis possesses four copies of rrn operons.
Discussion
The genome size of E. faecium ATCC19434 (2600 kb) was found to be similar to that of another E. faecium strain, ATCC35667 (2550 kb). As I-CeuI digestion patterns of the two ATCC strains are also almost identical, they seem to be phylogenetically closely related strains. The genome size of E. faecium strain GE-1 has previously been estimated to be 2334^2558 kb [16] , being in a similar range as those of the ATCC strains. In contrast, the genomes of the two clinical isolates examined in this study are 2975 kb and 2995 kb in size. The genomes of E. faecium vary by 17% between the largest (i.e., 2995 kb of strain M1) and the smallest (i.e., 2550 kb of ATCC35667). It implies that there is a signi¢cant variation in the genome sizes of E. faecium strains. In the case of E. coli, the genome size of which is well known to be highly variable (4.5^5.5 Mb) [17] , the presence of a large amount of strain-or lineage-speci¢c DNA accounts for the genome size variation, and most speci¢c DNA is of foreign origin [18] . If the genomic diversity of E. faecium was generated by a mechanism similar to that in E. coli, the amount of strain-speci¢c sequences of the E. faecium clinical isolates may amount to more than 400 kb. Our results, together with the genome sequence of E. faecium which will be available in the near future, provide the fundamental information for understanding the genome structure and the intraspeci¢c genetic diversi¢cation of E. faecium. As for the interspeci¢c genomic diversity, it is noteworthy that genome sizes of E. faecalis, E. avium and E. durans strains are signi¢cantly larger than those of E. faecium strains.
All the rrn operons of E. faecium ATCC19434 are located only on half of the chromosome (Fig. 2) . The transcription of the rrn operons is directed away from the SE3/ SC junction on the chromosome; ¢ve are transcribed in the anticlockwise direction and one clockwise. In most prokaryotic genomes, rrn operons are transcribed bi-directionally from the origin of chromosome replication (oriC) S3  M1  ATCC19433  ATCC29212  S2  H4  ATCC14025  ATCC19432   1  1335  1250  1220  1335  1550  1550  1550  1550  1150  1350  2  470  470  610  560  720  700  800  1050  940  580  3  285  285  460  430  440  440  400  340  640  500  4  280  280  300  290  310  310  305  310  400  290  5  170  170  290  250  310  180  6  95  95  95  130  5  170  Total (kb)  2635  2550  2975  2995  3020  3000  3055  3250  3445  3070 as originally described in enteric bacteria [19] . This also seems to be the case in E. faecium because the gyrA gene, which is often closely linked to oriC in many Gram-positive bacteria, was mapped to the SC segment (Fig. 2) .
Regarding the copy number of rrn operons in enterococci, Sechi et al. [20] previously estimated the numbers of rrn operons in 11 enterococcal species as being ¢ve or six according to the results of Southern hybridization analysis using an rrn-speci¢c probe containing both rrs and rrl genes. Unfortunately, the precise copy number of rrn operons in each species was not determined and E. faecium and E. faecalis were not included in their analysis. Our results, however, clearly indicate that all the E. faecium strains examined in this study possess six rrn operons, and the examined E. avium and E. durans strains also contain six operons. There has been some confusion about the number of rrn operons in E. faecalis ; Murray and colleagues [21] reported that an rrs probe hybridized with four chromosome fragments of E. faecalis strain OG1, while another report described that E. faecalis possesses six copies [22] . In this study, however, all the E. faecalis strains, including two ATCC strains, generated four I-CeuI fragments. Although the possibility that E. faecalis contains imperfect rrn operons lacking rrl genes cannot be ruled out completely, it is most plausible to conclude that this species possesses four rrn operons. This unique trait of E. faecalis may re£ect the phylogenetic distance from other enterococcal species [3, 4] .
